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Abstract
For the first time, the pair production of the heavy charged gauge bosons, known as W ′ bosons
is considered, when both decay to τ leptons. The reported detailed efficiency of object/event
selection by the CMS experiment is used to find the lower limit on the mass of W ′ boson. Various
assumptions for the coupling of the new gauge boson are examined and the results are reported. In
the case of a SM-like W ′ boson, masses below 290 GeV are excluded at 95% confidence level. The
method can be used to constrain other new models with similar final state.
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I. INTRODUCTION
New heavy charged gauge bosons, called W ′ bosons, are predicted by numerous different
extensions of the standard model of the elementary particles (SM). The SMW boson couples
only to left-handed fermions, whereas the coupling of W ′ boson can be completely left-
handed, right-handed or a mixture of both.
The general form of the lagrangian describing the fermionic interactions of W ′ boson is
given in Ref. [1]
L = Vij
2
√
2
f¯iγµ(g
′
R(1 + γ
5) + g′L(1− γ5))W ′µfj
+ h.c., (1)
where g′R(L) are the right handed (left-handed) coupling constants. The Vij matrix refers to
a 3× 3 identity matrix for leptons and the CKM matrix for quarks. The (1± γ5) operators
represent left and right-handed chiral projection operators. In the case, g′R= 0 and g′L 6= 0
(pure left-handed), both leptons and quarks can couple to W ′ boson, but where g′R 6= 0 and
g′L= 0 (pure right-handed) only quarks can couple to W ′ boson, because we either do not
introduce right-handed neutrinos or they are assumed to be much heavier than W ′ boson.
In this paper, for the first time, we consider a situation where two opposite-signW ′ bosons
are produced. Since nowadays the colliders center of mass energy is sufficiently high, such
processes can be accessible. Due to the important role of the third generation fermions in
many new physics scenarios, each W ′ boson is decayed to a τ lepton and its neutrino (ντ ).
Since we ask for two τ leptons in the final state, g′L can not be zero.
In this analysis, the efficiencies provided by the CMS experiment [2] are used to find the
yields of the favorite signal and compare it with the reported SM backgrounds to set a lower
limit on the mass of W ′ boson. The CMS analysis uses LHC data from proton-proton (pp)
collisions at a center-of-mass energy (
√
s) of 8 TeV to search for new physics in di-tau final
states. The data corresponds to an integrated luminosity of 18.1 and 19.6 fb−1 in different
channels. Three different final states are considered depending on the decay of two τ leptons,
fully hadronic (τhτh), where both τ leptons decay hadronically and `τh (eτh or µτh), where
one τ lepton decays hadronically and the other decays leptonically. The schematic diagram
of decay is shown in figure 1.
In different experiments, many searches are done to see the signatures ofW ′ boson, but up
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FIG. 1: The diagram showing the production process of two W ′ bosons in collision of two protons
and their decay into τ and ντ . The τ lepton decays either to lighter leptons, i.e. electron and
muon, or to hadrons. For the analysis presented in this paper, at least one of the τ leptons decay
hadronically.
to now none of them have obtained a positive signal. The most stringent limit is set by the
ATLAS experiment in an analysis which looks at the tail of the transverse mass distribution
of the lepton plus missing transverse momentum system [3]. The lepton is assumed to be
produced in the decay of a W ′ boson associated with missing transverse momentum coming
from a neutrino. It has excluded the W ′ boson with masses smaller than 5.1 TeV at a 95%
confidence level (CL), assuming a pure left-handed W ′ boson with g′L equal to the coupling
of the SM W boson (gSM= 0.64). The results of different direct searches from the colliders
are also used to constrain the W ′ boson. For example, the results of the search for single
top quark production are used to constrain the W ′ boson in Ref. [4].
In next section, the reference experimental analysis is reviewed and the used variables
are defined. In Section III, the framework of our analysis is described. The results of the
analysis are reported in Section IV. Section V concludes the paper.
II. REVIEW OF THE EXPERIMENTAL ANALYSIS
This study reinterprets the results of the “Search for electroweak production of charginos
in final states with two tau leptons in pp collisions at sqrt(s) = 8 TeV”[2] for the production
of two W ′ bosons decaying into two τ leptons. In this section the experimental analysis is
reviewed.
The τ lepton decays to a muon or an electron in ∼ 35% of the cases and to hadrons (τh)
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in the rest of cases. So about 90% of events with two τ leptons decay to `τh or τhτh. In this
analysis, only these two decay channels are considered and the fully leptonic decay modes
are ignored.
The missing transverse momentum (pmissT ) which is defined as the vectorial sum of the
transverse momenta (pT ) of neutrinos in the event is one of the event properties used in this
analysis. In addition to the neutrinos produced from the direct decay of W ′ boson, those
produced in the τ lepton decay are also considered.
Having the momentum of the decay products of τ leptons and pmissT , we can calculate
all the needed variables used in the reference analysis. Stransverse mass (MT2) [5, 6] is the
main variable that is used to categorize the events. It is a function of momentum of two
visible particles and pmissT in the event. It is defined as:
M2T2(mN , α, β, p
miss
T ) = min
pT+qT=p
miss
T
[max[M2T (α, p),M
2
T (β, q)]] (2)
Where α and β (p and q) are the four momenta of the visible (invisible) decay products in
two different legs and mN is the mass of the invisible particle which is set to zero for this
study. The transverse mass (MT ) is defined as :
M2T (α, p) = m
2
α +m
2
N + 2(ET (p)ET (α)− ~pT .~αT ) (3)
and transverse energy is given by;
ET (p) =
√
p2T +m
2
N (4)
In the reference analysis, the events are categorized in 4 signal regions (SR). For the
eτh and µτh, it has been found that cutting the events with MT2 < 90 GeV is useful to
discard the SM background events. But for τhτh events, two separate SR’s are defined as
events with MT2 > 90 GeV (SR1) and events with 40 < MT2 < 90 GeV and ΣM τiT > 250
GeV (SR2), where ΣM τiT is the sum of the transverse mass of two τh objects.
In addition to the selection criteria that are applied for the lepton selection and event
categorization, some other requirements to veto any extra lepton or b-tagged jets are also
applied.
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III. EVENT GENERATION
To generate the signal events version 2.6.0 of MadGraph5_aMC@NLO [7] package is
used which is the extension of MadGraph5 [8] matrix-element generator. In the following,
we refer to this event generator as MadGraph. The model used for signal generation is
W ′ effective model (WEff-UFO) [1], which is an extension of SM by adding the W ′ boson
interactions with the SM fermions (Eq. 1). The signal of our interest is pp→ W ′+W ′−. To
avoid the violation of unitarity at high energy, one needs to add interaction of W ′ boson
with the SM gauge bosons to Eq. 1 and consider also the process pp → Z/γ? → W ′+W ′−.
In this analysis, this part is ignored, because the goal is to study the leptonic interactions
of W ′ boson, without adding the complexities introduced from the gauge interactions. It
is checked and found that the ignored terms can increase the cross section of the favorite
process by about 50%, so the reported limits are conservative.
For each set of parameters, at least 20000 events are generated in pp collisions at
√
s = 8
TeV. The momentum distribution of the partons in the proton is provided by the NN23LO1
[9] parton distribution function (PDF). The TAUOLA package [10] is used to simulate the
τ lepton decays. It simulates the hadronic and leptonic decays of the τ lepton and provides
full information about final state particles including neutrinos and mediator particles. It
also considers spin information of the decay products in simulating the angular distribution
of the decay products.
In the first study, we considered purely left-handedW ′ (g′L= gSM and g′R= 0). This means
interactions with quarks and leptons are both allowed. Different masses of W ′ boson in the
range of 100 through 400 GeV are used in this analysis. Decay width or life time ofW ′ boson
depends on decay modes, coupling strength of the decay process, and kinematic constraints.
Decay widths corresponding to each mass of W ′ boson are estimated by MadGraph. The
results agree with the values reported in Ref.[1], where the total width of W ′ and partial
width of W ′ → tb¯, t¯b are calculated in the leading order and the next to leading order
precision. The production cross section and total width for the decay of W ′ to both quarks
and leptons in different masses are listed in table I. The relative uncertainties on the cross
sections reported in this table and the following tables are typically, 2-8% from the scale
variation and 3-5% from PDF variation for different masses.
As a cross check the branching ratio (BR) which is defined as the partial decay width to a
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TABLE I: Cross sections and decay widths when g′R= 0, g
′
L= gSM= 0.64 for various W
′ masses for
pp collisions at
√
s = 8 TeV.
W ′ mass (GeV) Decay width (GeV) Cross section (fb)
100 2.51 929
130 3.26 315
160 4.01 130
190 4.83 59.7
220 5.88 28.0
250 6.98 14.1
280 8.09 7.68
310 9.20 4.43
340 10.3 2.67
370 11.4 1.67
400 12.5 1.08
special channel divided by the total decay width is compared for both signs of theW ′ boson.
It can be observed in table II that the values are consistent for W ′+ and W ′− bosons.
TABLE II: Branching ratios of W ′ when g′R= 0, g
′
L= gSM= 0.64 for various signs and masses of
W ′ boson.
Branching ratio
W ′ Mass (GeV) W ′+→ τ¯ , ντ W ′+→ tb¯ W ′−→ τ, ν¯τ W ′−→ t¯b
100 0.111 0.00 0.111 0.00
190 0.110 0.0138 0.110 0.0138
310 0.0939 0.155 0.0939 0.155
400 0.0895 0.194 0.0895 0.194
As another cross check, the kinematic and search variables of the generated events are
produced. For this purpose, the visible momentum of the hadronic decaying τ is defined as
the original τ momentum before decay subtracted by the momentum of the neutrinos in the
decay chain of the τ lepton. The negative of the vectorial sum of the visible ~pT of the two τ
leptons defines pmissT . Having these information, one can construct all the needed variables
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like the transverse mass of the leptons or MT2. As it is discussed earlier, the final state
of our signal includes pure hadronic channel (τhτh) and also a mixture of hadronic-leptonic
channel (`τh). In figures 2 and 3, the distributions of pmissT and MT2 for both channels in
different W ′ masses are shown. The transverse momentum of the leading and next-to-
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FIG. 2: Missing transverse momentum (pmissT ) for different masses of W
′ boson. The events of
τhτh(`τh) channel are shown in left (right).
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FIG. 3: MT2 for different masses of W ′ boson. The events of τhτh(`τh) channel are shown in left
(right).
leading τh leptons in τhτh channel are shown in figure 4. The figure 5 shows the pT of the
lepton and τh in `τh channel. All of the distributions show the correct treatments and harder
objects are produced when the mass of the W ′ boson is increased.
The couplings of the W ′ boson are not fixed by the model, so to investigate the effect of
the couplings, we calculate the production cross section and decay width when the couplings
are multiplied by 1.5 or 0.5. As can be seen in table III, the cross section is scaled by 5.06
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FIG. 4: The maximum and minimum of pτhT in τhτh channel for different masses of W
′ boson.
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FIG. 5: Left (right) plot shows pτhT (p
`
T ) in `τh channel for different masses of W
′ boson.
and 1/16 when the coupling is increased and decreased by 50%, respectively. It is noticeable
that the values of decay widths are proportional to factors of 2.25 and 0.25 for the increased
and decreased left-handed coupling values. The behaviors of the cross sections, (g′L)4, and
decay widths, (g′L)2, are consistent with our expectations.
In an alternative approach, the left-handed and right-handed couplings are changed in a
way that their squared sum is constant and equal to g2SM .
g2SM = (g
′
L)
2 + (g′R)
2 (5)
It is easier, to define a mixing angle and rewrite the couplings as:
g′L = gSM cos θ (6)
g′R = gSM sin θ (7)
By varying θ from 0 to 90◦, the W ′ goes from a purely left-handed to a purely right-handed
vector boson. The latter W ′ boson does not have any interaction with the leptons. The
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TABLE III: Cross sections and decay widths when g′L is decreased or increased by 50% for various
W ′ masses.
g′R= 0, g
′
L=
1
2gSM= 0.32 g
′
R= 0, g
′
L=
3
2gSM= 0.96
W ′ Mass (GeV) Decay width (GeV) Cross section(fb) Decay width (GeV) Cross section(fb)
100 0.627 58.1 5.50 4410
130 0.815 19.7 7.15 1500
160 1.00 8.16 8.80 618
190 1.21 3.72 10.6 284
220 1.47 1.75 12.9 132
250 1.75 0.885 15.3 67.1
280 2.02 0.482 17.7 36.3
310 2.30 0.278 20.2 21.0
340 2.58 0.168 22.6 12.0
370 2.85 0.105 25.0 7.48
400 3.11 0.0678 27.3 5.11
variation of the cross sections and decay widths due to various mixing angles, whenW ′ mass
is 310 GeV, is shown in table IV.
TABLE IV: Cross sections and decay widths of different mixing angles for a 310 GeV W ′ boson.
Mixing angle θ g′R, g
′
L Decay width (GeV) Cross section (fb) BR(W
′ → τντ )
0◦ 0.0, 0.64 9.20 4.43 0.0939
30◦ 0.32, 0.56 8.51 1.78 0.0757
45◦ 0.46, 0.46 8.00 0.752 0.0543
60◦ 0.56, 0.32 7.21 0.263 0.0292
In the next section the generated events in this section are used to set a lower limit on
the W ′ mass.
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IV. RESULTS
Using theW ′ samples generated by MadGraph as explained in Section III and decaying τ
leptons using the TAUOLA package, we are ready to measure the efficiency of the selection
for different channels for different W ′ masses.
For each event, the probability of passing the selection cuts for a given signal region can
be obtained using the cut efficiency tables of the experimental paper [2]. In that paper, the
efficiency of applying each cut on the reconstructed properties of the event is reported as a
function of the generator level value of that property. It makes it very easy and accurate to
take into account the detector effects that are always difficult to model. Following that paper,
all the cuts are considered independent. The efficiencies of different cuts are multiplied to
obtain the full selection efficiency for different channels and signal regions.
This was done for different W ′ masses and for different coupling strengths. The resulting
efficiencies for the SM-like scenario can be seen in figure 6. The efficiencies for the case
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FIG. 6: Efficiecny of signal selection in different signal regions as a function of the W ′ mass.
where g′L is increased or decreased by 50% or where there is also a non-zero g′R are produced
and compared with the results in figure 6. As it is expected, the efficiencies depend only on
the kinematic of the generated events which vary with the mass of the W ′ boson and do not
depend on the coupling constants.
Having the full selection efficiency in one channel (εchfs), together with the production
cross section (σ) and the decay branching ratio (BR), one can estimate the total number of
expected signal events in a given integrated luminosity (L) using the formula:
N chexp. = L × σ(pp→ W ′ W ′ )×BR2(W ′ → τν)× εchfs (8)
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According to the experimental paper, the integrated luminosity for the τhτh signal regions
is 18.1 fb−1 and for the `τh channels is 19.6 fb−1. Following the same reference, a systematic
uncertainty of 20% for signal in `τh channel and 25% in τhτh channel is assumed. Data
yields and background predictions with their uncertainties in the four signal regions of
search obtained from Ref.[2] are shown in table V.
TABLE V: Data yields and background predictions with their uncertainties for `τh and τhτh chan-
nels. The shown uncertainty is the quadratic sum of the statistical and systematic uncertainties
provided by the CMS experiment.
eτh µτh τhτh SR1 τhτh SR2
Background 3.52 ± 3.39 8.59 ± 4.83 1.58 ±0.65 7.07 ±2.25
Observed data 3 5 1 2
The 95% confidence level upper limit on the signal strength can be found by combining
all the four channels. A Likelihood ratio semi-bayesian method implemented in ROOT [11]
is used. Signal strength is defined as the σ/σpp→W ′ W ′ ratio. Results for the SM-like W ′ are
shown in figure 7 (top-left). It can be seen that W ′ masses up to 290 GeV are excluded.
Repeating this procedure for the other scenarios of the coupling constants, it is observed
that when g′L is decreased, the sensitivity is decreased, and vice versa, as it is expected.
Figure 7 shows the observed limits, the expected exclusions and ±1 σ uncertainties on the
expected exclusions for different scenarios of the coupling constants. Table VI summarizes
TABLE VI: The expected and observed lower limits on the W ′ mass in different scenarios of the
coupling constants.
g′R, g
′
L Expected (GeV) Observed (GeV)
0, 0.64 255 290
0.32, 0.56 190 225
0.46, 0.46 135 170
0.56, 0.32 90 120
0, 0.32 90 120
0, 0.96 380 420
the expected and observed limits in different scenarios. Always, the observed limit is higher
11
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FIG. 7: Upper limit of σ/σpp→W ′ W ′ production for different scenarios
than the expected one, because in different signal regions the observed data is less than the
expected background (Table. V).
The results are lower than the results from the direct search, but the proposed method
can be used to constrain any new model with a similar final state, without need to simulate
the response of a real detector.
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V. CONCLUSIONS
With increasing the center of mass energy of the colliders, pair production of the heavy
charged bosons, W ′ bosons, can be accessible. The event selection efficiencies, provided
by a CMS analysis in a similar final state enables us to approximate the detector effects
without the complexities from the full detector response simulation. The efficiencies are
used to find the yield of the favorite signal. A statistical tool is used to compare the yield
of the signal with the observed events from data and set a lower limit on the mass of the
W ′ boson. Different scenarios for the coupling of W ′ bosons to leptons is examined and the
corresponding lower limits are reported. If the coupling constants are same as those of the
SM W boson, the masses up to 290 GeV are excluded at a 95% confidence level. Depending
on the scenario, the limit can be lower or even pushed up to 420 GeV.
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